Introduction
It is estimated that more than 1 billion adults worldwide are overweight, and at least 300 million are considered obese. Major contributors to this epidemic across the world are secondary to sedentary lifestyles; consumption of highfat, caloric-dense diets; and increased urbanization. Obesity predisposes one to development of type 2 diabetes mellitus and cardiovascular disease, and has also been considered a low-grade inflammatory disease [1] . Importantly, it has been well established that a reduction in body weight in the range of 5% to 10% can significantly slow the progression of these conditions [2] . Thus, although it is well established that caloric restriction and exercise greatly improve insulin resistance, the success of lifestyle intervention in long-term maintenance of weight loss is poor. Therefore, strategies to decrease weight by pharmacologic or nutritional supplementation represent a very attractive approach; and the flavonoids have been advanced as a potential botanical component of an effective obesity treatment regimen [3] . Quercetin (3,3′,4′,5,7-pentahydroxyflavone) is a polyphenolic compound in the flavonol subgroup of flavonoids [4] . Although quercetin is the major bioflavonoid in the human diet [5] , US consumption of dietary quercetin is only about 30 mg/d [6] . High concentrations are found in apples, tea, onions, and red wine [7] . Although absorption of quercetin occurs within 30 minutes of ingestion [8] , tissue distribution of quercetin requires further evaluation.
The flavonols and quercetin have been proposed to increase cellular energy expenditure (EE) by elevating oxygen consumption in human skeletal myocytes. The mechanism is thought to involve up-regulation of type 2 deiodinase expression, which has been shown to increase EE [9] by increasing formation of triiodothyronine [10] . Although these data are promising, rigorous evaluation of well-characterized compounds in physiological models is needed to provide more convincing results. Specifically, a common problem with many of the studies evaluating quercetin is imprecise information regarding the amount of compound actually provided, leaving significant uncertainty as to the effective dose of quercetin required to achieve the desired response [11] .
Many studies report that quercetin has potent antiinflammatory properties [12] . Although the underlying mechanisms for this response are unclear, it has been suggested that quercetin's anti-inflammatory properties may be due to its ability to decrease production of inflammatory cytokines [13] . Given the potential of quercetin to increase EE and mediate anti-inflammatory activities, the present study was designed to provide a comprehensive phenotypic evaluation of the therapeutic responses to a defined dose provided as a food admixture in the well-characterized C57BL/6J model of diet-induced obesity.
Methods

Animals
Male C57BL/6J mice (N = 80) (Jackson Laboratory, Bar Harbor, ME) were weaned onto a low-fat diet (10% kcal fat; Research Diets, New Brunswick, NJ) and, at 6 weeks (W) of age, were randomized and given free access to either high-fat diet (HF, 45% kcal fat, D12451) or high-fat diet formulated to contain 1.2% quercetin (HF + Q, D06081502) ( Table 1) . Energy expenditure was measured in one cohort (n = 8 per treatment) at 3 and 8W. Food consumption and body composition were measured in 2 cohorts (n = 8 per treatment per cohort) of mice that were killed at the zenith (midnight) or nadir (noon) of the metabolic cycle at the 3 and 8W time points. All mice were singly housed in shoebox cages with corncob bedding in controlled environmental conditions (22°C) on a 12-hour light/dark cycle. All experiments were reviewed and approved by the Pennington Biomedical Research Center Institutional Animal Care and Use Committee.
Diets and food consumption
Research Diets formulated the HF + Q diet by cold processing to contain 1.2% (wt/wt) quercetin (Sigma Aldrich, St Louis, MO; ≥98% purity by high-performance liquid chromatography [LC], Q0125). To establish final quercetin concentration in the diet and assess its stability during storage, the HF + Q diet was evaluated using mass spectrometry (MS) at the beginning and end of the study. All diets were stored at 4°C in light-protected, airtight containers; and food was changed every 3 days. Water was provided ad libitum. Food consumption was measured as the difference between food provided and the sum of remaining and wasted food during a 48-hour period each week.
Quercetin diet and plasma analysis
Quercetin concentration and stability in the HF + Q diet were analyzed using MS at the beginning of the study and in a sample that was stored for 8W in the conditions described above. Briefly, 1-g samples of murine high-fat diet formulated with quercetin were powdered with a mortar and pestle and extracted with 5 mL of 95% ethanol. One-gram samples of murine high-fat diet without quercetin were spiked with 12 mg of quercetin and processed simultaneously. The solids were removed by centrifugation. The extract was dried with a SpeedVac (Thermo Scientific, Waltham, MA), resuspended in 1 mL of water, and partitioned 3 times with 1 mL of hexane. The water was then partitioned 3 times with 1 mL of ethyl acetate, dried, and resuspended in 500 μL ethanol for LC/MS analysis as described below. Frozen blood plasma (200 μL) samples were thawed and immediately diluted with 200 μL water and 500 μL of 100 mmol/L sodium acetate buffer with a pH 5. β-Glucuronidase type HP-2 (20 014 U, Sigma) was then added, briefly vortexed, and incubated at 37°C for 30 minutes. After incubation, the samples were transferred to glass tubes with 1 mL of water and partitioned once with hexanes (2 mL) to defat. The samples were vortexed and sonicated at 50°C for 15 minutes and centrifuged at 5000 rpm for 6 minutes. The hexane fraction was then removed and discarded. The samples were then partitioned 3 times with 2 mL of ethyl acetate. The samples were then vortexed and placed back into the sonicator for 15 minutes at 50°C. The samples were then placed in the centrifuge and spun at the same speed and time. The ethyl acetate partitions were dried in a SpeedVac and resuspended in 125 μL of 95% ethanol in a sonicator at 50°C for 10 minutes. After centrifugation, the samples were analyzed with an LC/MS system as previously described [14] .
Body weight and composition
Body weight and composition (nuclear magnetic resonance [NMR]; Bruker Minispec, Billerica, MA) were measured on a weekly basis in 2 cohorts of mice per treatment group (n = 8 mice per treatment per time point) for the duration of the study. Body composition was measured using a mouse NMR (Bruker Minispec) on a weekly basis. Fat mass (FM) was subtracted from total body weight to determine the fat-free mass (FFM). Percentage fat and percentage FFM were calculated by dividing FM or FFM by total body weight and multiplying by 100.
Energy expenditure
Body weight and body composition (mouse NMR, Bruker Minispec) were evaluated in a separate cohort (n = 8 mice per treatment per time point) and animals that were singly housed and given free access to their prescribed diet (specified above) and water in the metabolic chambers. After an overnight acclimation to the chambers, the volume of oxygen consumption (VO 2 ) and the CO 2 production were measured for 72 hours using indirect calorimetry and used to calculate respiratory exchange ratios (RERs) for each recording interval. Recording intervals were 60 seconds in duration, and one reading was completed on all animals every 45 minutes. Energy expenditure was calculated using VO 2 
Circulating inflammatory markers
The EDTA-treated blood samples were obtained by cardiac puncture from mice at the zenith and nadir of the metabolic cycle (n = 8 mice per treatment) at 8W. Circulating concentrations of inflammatory markers were measured in duplicate with 25 μL of plasma using an 8-plex (interleukin 
Statistical analysis
The data were analyzed with JMP statistical analysis software (SAS, Cary, NC), and results were expressed as means ± standard error. All measurements were evaluated using a 1-way analysis of variance (ANOVA) designed to examine the differences between the groups (HF and HF + Q) at the 3 and 8W time points, respectively. A Dunnett's test was used post hoc as necessary. A P value b .05 was used to assess significance.
Results
Quercetin concentration and stability in the diet
Using MS, quercetin was not detected in the high-fat diet formulated without quercetin. In the high-fat diet formulated with quercetin, 67% of the 12 g/kg (1.2%) initially added to the diet was recovered by MS, resulting in an actual final concentration of 0.80 g quercetin per kilogram diet. Quercetin was also measured in samples of the HF + Q diet held in the diet storage area for the duration of the study. The quercetin concentration measured in these samples was 0.79%, which corresponds to a 1% decrease in quercetin during the 8W of storage.
Circulating quercetin concentration and food consumption
Because quercetin was administered as a food admixture and mice have a diurnal pattern of food consumption, quercetin was measured in blood samples taken in the middle of their nighttime and daytime cycles after 3 and 8W. Mice are nocturnal feeders and consume most of their 24-hour food consumption at night when they are awake. As expected, plasma quercetin concentration was higher in nighttime blood samples vs daytime blood samples at both 3 and 8W (Fig. 1) . Plasma quercetin was 1.5-fold higher in samples taken at night vs those taken during the day at the 3W time point and 2-fold higher after 8W. If we take plasma quercetin averaged over night and day as a measure of overall treatment with quercetin, total plasma quercetin decreased by ∼80% between 3 and 8W (Fig. 1) . This observation indicates a significant decrease in effective dosing of the mice with quercetin between 3 and 8W, and examination of food consumption between the groups during this period provides no evidence for a decrease in consumption of the HF + Q diet as a basis for the decrease in circulating quercetin (Fig. 2) . Food consumption over the 8W study averaged 23.41 ± 0.09 kcal/48 h (HF + Q) and 24.05 ± 0.12 kcal/48 h (HF) in the respective groups, and there was no evidence that food consumption changed over time in either group (Fig. 2) . Collectively, these results show that the decrease in circulating quercetin in the HF + Q group between 3 and 8W is not due to a decrease in the consumption of the diet or a decrease in the stability of quercetin in the diet. These results are consistent with a change in quercetin pharmacokinetics between 3 and 8W, although the nature of the change remains to be established.
Change in body weight and composition over time
Mean body weights did not differ between the groups at the beginning, end, or at any week during the course of the study. The mice in both groups gained an average of 9 g of body weight during the 8W study (Fig. 3) , and there was no evidence that the composition of the added weight differed between the groups (Fig. 4) . For example, Fig. 4 shows that the relative adiposity (grams fat per gram body weight × 100) of mice in both groups was ∼10% at the beginning of the study and ∼20% at the end of the study. Adiposity did not differ between the groups at either of these time points or at any time point between (Fig. 4) . Given that food consumption also did not differ between the groups at any point, the results show collectively that quercetin altered neither postweaning growth nor the composition of that growth in C57BL/6J mice weaned onto a high-fat diet. Fig. 2 . Change in food consumption (kilocalories per day) over time in mice provided high-fat diets (45 kcal %) containing either vehicle (HF) or 0.8% quercetin (HF + Q). Food consumption, accounting for spillage, was measured over a 2-day period each week for 32 mice per diet from 0 to 3W and 16 mice per diet from 4 to 8W. Means were compared by 2-way ANOVA as described in Methods to test for diet-dependent differences in food consumption each week. Mean food consumption did not differ between the diets at any week during the study. Means were compared by 2-way ANOVA as described in Methods to test for diet-dependent differences in body weight each week. Mean body weight did not differ between the groups at any week during the study. Fig. 4 . Change in FM as a percentage of body weight over time in mice provided high-fat diets (45 kcal %) containing either vehicle (HF) or 0.8% quercetin (HF + Q). Body composition was determined each week by NMR as described in Methods, and FM was expressed as a percentage of body weight to measure relative adiposity. Means were compared by 2-way ANOVA to test for diet-dependent differences in adiposity at each week. Mean adiposity did not differ between the 2 groups at any week during the study.
Energy expenditure
Oxygen consumption and CO 2 production were measured by indirect calorimetry after 3 and 8W on the respective diets to test whether quercetin altered EE or respiratory quotient (RQ) in this study. Total EE expressed relative to lean mass was significantly elevated in the HF + Q group compared with the HF group at the 3W (P b .0001) but not at the 8W time point (Fig. 5A, B) . The increase in EE detected at the 3W time point was evident not only in comparisons made during the day (P b .001), when mice normally sleep, but also in nighttime comparisons, when mice are awake, physically active, and consuming food (P b .001). This outcome is indicative of an overall increase in metabolic rate rather than an exaggerated thermogenic response to food. Furthermore, when physical activity was assessed by interruption of infrared beams, no evidence was found to support differences in voluntary activity as a basis for increased EE during the day (HF mean: 2234.72 ± 237.72 beam breaks; HF + Q mean: 2415.61 ± 207.03 beam breaks; P = .57) or night (HF mean: 24875.6 ± 1648.8 beam breaks; HF + Q mean: 22656.2 ± 1556.6 beam breaks; P = .5699, P = .34). Thus, at 3W, there was an increase in EE in HF + Q animals, but no change in food intake, voluntary activity, weight, body composition, or substrate selection. Examination of EE after 8W on the respective diets found no evidence of increased EE in the HF + Q group during the day or night, indicating that the early effect of quercetin at 3W did not persist for 8W (Fig. 5B) .
Respiratory exchange ratio is an indicator of the composition of metabolic fuels being oxidized at any point in time, with RERs near 1 indicative of a sole reliance on carbohydrate as a fuel source and RERs near 0.7 indicative of fat as a fuel source. The RERs calculated from the respective groups provide no evidence to suggest that quercetin altered substrate selection at 3W (Fig. 5C ), when EE differed between the groups (Fig. 5A ), or at 8W (Fig. 5C ), when no effect of quercetin on EE was evident (Fig. 5B) . Collectively, these findings show that quercetin increased EE without altering substrate selection at 3W, but the effect on EE was no longer evident at 8W. Although the connection remains to be established, this loss of effect coincides with the significant decrease in circulating quercetin between 3 and 8W (Fig. 1) . Fig. 5 . Energy expenditure (kilojoules per hour per FFM) was measured by indirect calorimetry in mice after 3W (A) or 8W (B) on the respective HF (n = 8) or HF + Q (n = 8) diets. Mean EEs during the night and day intervals were compared between diets at 3 and 8W using 2-way ANOVA as described in Methods. Mean EE during the night at 3W and during the day and night at 8W did not differ between dietary groups, but mean EE during the day at 3W was significantly higher (P b .05) in the HF + Q compared with the HF group. (C) Oxygen consumption and CO 2 production were measured continuously at 45-minute intervals for 3 days by indirect calorimetry in mice after 3 and 8W on the respective HF (n = 8) or HF + Q (n = 8) diets. Respiratory quotients were calculated as the ratio of CO 2 produced vs O 2 consumed, and mean RQs were obtained from the measurements taken between 7:00 PM and 7:00 AM (night) and between 7:00 AM and 7:00 PM (day). Mean day and night RQs determined after 3 and 8W on the respective diets were compared using 2-way ANOVA as described in Methods. Mean RQs did not differ between diets and between time of day, and no time of day × diet interaction was detected. Fig. 6 . Plasma cytokine concentrations in mice after 8W on the respective HF (n = 6) or HF + Q (n = 6) diets. Mean plasma concentrations of each cytokine were compared between diets using 1-way ANOVA as described in Methods. Means denoted with an asterisk differ at P b .05.
Circulating markers of inflammation
Differences in inflammatory protein levels between the treatment groups were most significant during the night phase (Fig. 6 ) at 8W. More specifically, the HF + Q group was lower in INF-γ (P = .05), IL-1α (P = .0285), and IL-4 (P = .0464) (Fig. 6) . At 8W, during the day, INF-γ trended to be lower in the HF + Q compared with the HF (P = .08) group. Interleukin 2 (P = .0250), MCP-1 (P = .0480), and TNF-α (P = .0195) at night were significantly higher compared with those during the day in the HF group.
Discussion
The promotion of the health benefits of quercetin has spurred increased interest in the scientific community [15] and the dietary supplements industry [6] . Specifically, a 21% reduction in cardiovascular disease mortality in humans has been reported for intakes of quercetin of greater than 4 mg/d [16] . Castilla et al [17] found that red grape juice, of which quercetin is the primary polyphenol, increased high-density lipoprotein concentrations and reduced low-density lipoprotein and oxidized low-density lipoprotein. Given the potential of quercetin to act as an anti-inflammatory agent, it is surprising that studies addressing the influence of quercetin on body weight, composition, and the corresponding alterations of inflammatory markers are limited.
Our data clearly demonstrate that continuous quercetin ingestion increased EE when measured after 3W but not after 8W. The failure to maintain increases in EE and reductions in plasma quercetin concentrations at 8W suggests a metabolic adaptation or change in pharmacokinetics to the quercetin supplementation. Despite these observations, quercetin remained effective in reducing the inflammation observed in animals on an HF diet at 8W. Although it remains to be established, these findings are consistent with the possibility that the change in circulating quercetin between 3 and 8W was sufficient to drop the quercetin dose below the threshold for effects on EE. It is also possible that the effective dose needed for reducing inflammatory markers is below the dose needed for effects on EE. These questions will need to be addressed directly in future studies.
An important question raised by our findings is the apparent disconnect between the effect of quercetin on EE (Fig. 5A ) and the lack of an effect on growth or body composition (Figs. 3 and 4) . We expected that the increase in EE at 3W would translate into reduced fat deposition, particularly because food consumption did not differ between the groups. However, if the effect of quercetin on EE was short-lived and lost earlier than the 8W time point documented here, it is unlikely that the modest effect of quercetin on EE noted at 3W would be sufficient to impact overall energy balance and fat deposition. Our body composition data from the 3W time point (Fig. 4) support this interpretation, but it will be important in future studies to determine the time course and duration of the effect of quercetin on EE.
We found that consumption of an HF diet supplemented with 0.8% quercetin for 3W increased EE relative to HF controls. The higher EE detected at 3W did not translate into significant differences in body weight (Fig. 3) or adiposity (Fig. 4) . The lack of a quercetin-mediated shift in substrate utilization (Fig. 5C) suggests that the magnitude of the difference in EE between the groups was not significant enough to influence body composition. A few other studies support our findings. For example, a 0.5% quercetin diet fed to 1-month-old Swiss mice for 28 days did not result in changes in body weight compared with control animals [18] . Similar results were seen in rats fed high-fat, high-sucrose diets containing 0.02%, 0.2%, and 0.07% quercetin fed ad libitum for 4W [19] .
Surprisingly, after 8W, there were no significant differences between EE in the HF and HF + Q groups (Fig. 5B.) . In addition, blood plasma concentrations of quercetin were higher at the 3W time point than at the 8W time point for both day and night measures. Although circulating levels of quercetin were higher at night, which coincides with the nocturnal feeding habits of the mice and the long half-life (∼24 hours) of quercetin [20] , the diurnal variation at 8W is greater, with significant differences noted at the 8W time point and not at 3W (Fig. 1) . Together, these results suggest a metabolic adaptation to the diet such that the mice were able to quickly remove the quercetin from their system after 8W. Little is known about the adaptation to quercetin in the diet, and further exploration would be essential to understanding the benefits and/or risks associated with this botanical compound.
Given our discrepancy between 3 and 8W EE measurements, absolute levels, and diurnal changes in circulating quercetin concentration, it is important to note that diet composition is linked to quercetin absorption. A high-fat diet was chosen not only because it induces obesity in C57BL/6J mice, but also because quercetin absorption is greater and elimination is delayed with high-fat diets in other animal (porcine) models [8] . Specifically, increasing the fat content in quercetin-enriched diets from 3% to 17% resulted in a 50% increase in total bioavailability of quercetin in pigs [8] . In addition, the method of delivery has been implicated as a major factor in the effectiveness of the treatment; and it serves as a confounding variable when comparing our results to other studies. Injection [21] , gavage [22] , and addition of quercetin to food [22] or drinking water [23] are most commonly used. In a recent study, 5W-old spontaneously hypertensive rats (SHR) were provided 1.5 g quercetin per kilogram of diet for 5W or 11W [22] . Although there was an absence of a delayed progression of the cardiovascular morbidities that occur in SHR rats in those animals on the dietary intervention, 15W-old SHR when gavaged once daily with quercetin (10 mg/kg) for 4 days were observed to have a decreased arterial pressure when compared with the untreated control groups [22] .
We observed a quercetin-mediated decrease in circulating markers of inflammation in a physiological model that were consistent with previous studies that have addressed quercetin's action in cell culture models [24, 25] . Ishikawa et al [25] demonstrated the ability of quercetin to suppress nuclear factor-κB in glomerular cells, thus inhibiting IL-1-triggered MCP-1 expression. Quercetin has also been shown to reduce macrophage expression of TNF-α, IL-1β, and IL-6 in a dose-dependent manner through an inhibition of lipopolysaccharide-induced expression of these proinflammatory cytokines [26] . Quercetin has also been associated with an inhibition of protein kinase C translocation and activity and the activation of extracellular signal-regulated kinases and c-Jun NH2-terminal kinase, but did not influence the activation of the p38 mitogen-activated protein kinase (MAPK) pathway in human cultured mast cells. In other cell lines, however, MAPK pathway activation is inhibited by quercetin. For example, MAPK activation in human epidermal carcinoma cells was inhibited by quercetin (30 μmol/L) [27] .
Once absorbed, quercetin is usually present in glycosylated forms, such as quercitrin (3-rhamnosylquercetin) and rutin. Previous in vitro experiments have shown that quercetin is more effective, when compared with quercitrin, in the down-regulation of the inflammatory responses [28] . This down-regulation was shown to occur via the nuclear factor-κB pathway without modification of c-Jun N-terminal kinase activity (both in vitro and in vivo) resulting in lower levels of cytokine and inducible nitric oxide synthase expression in a rat model of colitis. A more extensive exploration of the mechanisms associated with quercetin-mediated reductions in inflammation in physiological models is a promising area for future research.
The present study derives its novelty in part from rigorous attention to establishing the identity and purity of the quercetin used to formulate the diet, establishing the concentration and stability of quercetin in the diet, carefully measuring food consumption, and assessing a composite of the pharmacokinetics of the compound by measuring concentrations of quercetin in the blood at the peak and nadir of the metabolic cycle. Collectively, these aspects of the study provide a sound foundation for interpreting the physiological responses of the mice to the dose of quercetin administered in this work. The diet was originally formulated to contain 1.2% quercetin by weight, which translates to a dose of ∼30 mg/d per mouse based on an average food consumption of 2.5 g/d. However, upon analysis, the HF + Q diet actually contained 0.8% quercetin, which translates to a daily dose of 20 mg per mouse or 0.8 mg/d per gram of body weight for the weight range of mice in our study. Previous studies have used a variety of doses ranging from 50 μg/d per mouse [23] to 10 mg quercetin per kilogram of body weight [29] to as high as 5000 mg per kilogram of body weight per day [30] . Quercetin administered at 10%, 4%, and 1% in a pellet diet was not carcinogenic; and when 1% croton oil was administered after 1% quercetin, there were no increases in tumor incidence in Chinese golden hamsters [31] . In addition, when oral doses of 1 to 1000 mg of quercetin per kilogram of body weight were given to male mice, there were no mutagenic effects, as defined by the micronucleus test or the Salmonella tester strain TA 98 host-mediated assay [32] . The maximum tolerable dose of quercetin was determined to be 2500 mg/kg twice per day through intraperitoneal injection. At this dose, as well as at 1250 and 625 mg/kg twice per day, DNA damage was detected with alkaline single-cell gel electrophoresis; however, because of the high doses, it was suggested that clastogenic effects due to consumption would be unlikely [30] . Doses of quercetin in human intervention studies have ranged from 21 to 1000 mg/d, with no adverse side effects [7] .
In summary, this study provides novel insights into potential metabolic actions of dietary quercetin. A high-fat diet (45 kcal %) supplemented with 0.8% quercetin produced a transient increase in EE after 3W on the diet that was not evident after 8W. A corresponding decrease in plasma quercetin without any decrease in food intake suggests that adaptive changes in the pharmacokinetics of quercetin may have diminished its biological efficacy. However, the dose of quercetin provided in this study produced a significant sustained decrease in several circulating markers of inflammation at 8W. These changes occurred in the absence of any reduction in adiposity by quercetin, suggesting a potential use of this compound in the chronic low-level inflammatory state associated with obesity. A more in-depth examination of quercetin and inflammation as it relates to disease development is necessary.
